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— ^ Most  soft  clays  in  their  natural  state  exhibit  a small  de- 
gree of  overconsolidation  resulting  from  changes  in  ground  water 
level,  delayed  consolidation,  or  other  causes.  The  overconsolida- 
tion ratio  is  commonly  in  the  range  of  1.0  to  2.5.  Under  surface 
loading,  pore  pressures  in  such  a deposit  will  develop  as  for  an 
clastic  material  until  the  effective  stresses  reach  a yield  con- 
dition or  failure  condition.  In  the  latter  case  the  soil  can  v 
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FOREWORD 


The  investigation  described  herein  was  ono  phase  of  a 
project,  "Instrumentation  of  Embankments  and  Foundations," 
sponsored  by  the  Office,  Chiof  of  Engineers  (OCE) , under 
CWIS  3118‘J.  The  investigation  was  conducted  durinq  the 
period  January  1975  through  July  1976. 

The  general  objective  of  this  study  was  to  present 
the  interpretation  of  field  records  for  the  yield  conditions 
associated  with  pore  pressure  responses  in  soft  soils  under 
surface  loading.  Work  on  this  project  was  conducted  and 
the  report  was  prepared  by  Professors  R.  H.  G.  P.rry, 
Lecturer,  University  of  Cambridge,  England,  and  C.  P.  Wroth, 
Reader  in  Soil  Mechanics,  University  of  Cambridge,  England. 

The  contract  was  monitored  by  Mr.  C.  L.  McAncar, 
Chief,  Soil  Mechanics  Division,  under  the  gerara'  super- 
vision of  Mr.  J.  P.  Sale,  Chiof,  Soils  and  Pavements  Labo- 
ratory. Contracting  Officer  was  COL  G.  H.  Hilt,  director 
of  the  Waterways  Experiment  Station. 
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PORK  FRESRPRES  I»  &OFT  GROUND  UNDER  SURFACE  LOADING 


X.  Introduction 


In  the  first  of  this  pair  of  reports,  theories  wore 
developed  for  the  excess  pore  pressures  that  would  be  developed 
in  soft  clay  as  a result  of  surface  loading.  It  was  shown  that 
most  deposits  of  soft  clay  will  be  in  a lightly  overconsolidated 
state  (as  a result  of  desiccation,  lowering  and  raising  of  the 
water  table  or  delayed  consolidation) . Par  a typical  elcnent,  P 
in  Fig. 1(a)  at  depth  z in  a deposit  of  soft  clay,  the  existing 
effective  stresses  acting  on  the  element  are  c?^,  ■ KQo^. 

The  total  and  effective  stress  states  of  the  clement  are  shown 
ns  points  P and  P*  in  Fig. 1(b)  in  terms  of  the  parameters 

the  mean  total  principal  stress  p ■ ^(oi+oi+o*)  «*  j(®v+2,!lh* 

the  mean  effective  principal  stress  p'“  ^(e»i'+ei+Cj)  « ^(oy+20j't) 

the  deviator  stress  g ■ (o{-oJ)  ■ (°v“°h) 

It  was  shown  that  the  typical  total  and  effective  stress 
path3  for  the  element  caused  by  somo  surface  loading  would  be 
PQRS  and  P'Q'R'S'  with  the  response  of  the  element  displaying 
three  distinct  phases.  These  phases  would  be:- 

(i)  an  'elastic1  response  P'Q' 

(11)  a plastic  phase  Q'R'  and 

(iii)  contained  failure  R'S1. 

Tho  excess  pore  pressures  which  would  bo  generated  in  the  element, 
arc  shown  qualitatively  in  Fig. 1(c)  in  which  6u  has  been  plotted 
against  the  increment  of  total  vertical  stress  6oy (local) 
experienced  by  the  element  as  a consequence  of  the  surface  loading. 
Expressions  for  tho  gradients  of  the  three  linear  portions  of 
the  plot  of  Fig. 1(c)  are  given  in  the  first  report. 

In  this  second  report,  these  theoretical  ideas  of  pore 
pressure  development  arc  applied  to  well  documented  field  cases. 
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Tha  first  case  io  that  of  axisymmetric  loading  of  two  circular 
fills  at  Asrum,  in  Norway,  reported  by  H6eg,  Andcraland  and 
Rolfson  (1909) . The  other  ease  are  of  an  axisyuretric  loading 
at  Canvey  Island,  England  reported  by  Pender,  Parry  and  George 
(1975)  and  of  a plane  strain  case  of  a long  road  embankment  at 
Boston  reported  by  D'Appolonin,  Lambc  and  Poulos  (1971). 

e 

2 . Application  to  Field  Cano  of  AxlnsTOnotric  Loading  at  Asrum 
2.1  General  Description 

In  order  to  study  the  problems  of  likely  settlement  of 
buildings  on  the  quick  clays  in  the  area  around  Oslo,  the  Norwegian 
Geotechnical  Institute  carried  out  two  field  tests  on  a site  at 

O 

Asrum.  Each  test  consisted  of  a circular  fill  placed  on  the 
existing  ground  surface, with  careful  measurements  being  made  of 
excess  pore  pressures  generated  in  the  underlying  clay,  and  of 
settlements  of  the  fill.  Full  details  are  given  by  H6eg,  Andorsland 
and  Rolfsen  (1969) . 

Profiles  of  the  soil  at  the  two  neighbouring  sites,  are 
given  in  Fig. 2a,  and  the  in  situ  vertical  stresses  in  Fig. 2b 
(both  diagrams  being  reproduced  from  the  paper  by  HAcg  ct  al.). 

The  upper  1 to  2 m consists  of  a fairly  stiff  fissured  crust, 
below  which  the  very  quick  and  soft  clay  extends  to  bedrock.  The 
natural  water  content  of  the  clay  ranges  from  about  55%  to  70% 
compared  to  a range  of  liquid  limits  of  about  35%  to  50%.  The 
undrained  shear  strength  was  measured  by  in  situ  vane  tests  and 
unconfined  compression  tests  on  undisturbed  so-plns.  Beneath  the 
surface  crust  the  strength  is  as  low  as  0.5  tonne/ml  (50  kN/m1) 
and  it  increases  with  depth. 

The  observed,  values  of  the  excess  pore  pressures  recorded 
by  the  piezometers  at  depths  of  3 m and  5 m beneath  the  two  fills 
are  shown  in  Figs. 3a  to  3d.  It  is  at  onco  apparent  that  the 
responses  of  the  piezometors  near  the  centreline  show  two  well 
defined  phases,  with  a sharp  break  between  the  two  phases.  These 
responses  will  how  be  interpreted  in  the  light  of  the  theories 
developed  in  the  first  report. 
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2.2  Asrum  I : Piezometer  A at;  3 m dent-h  on  tho  centre  line 

The  positions  of  tho  various  piezometers  aro  indicated 
in  Pig. 4a.  In  thi3  section  tho  response  of  piezometer  A at  a 
dapth  of  3 m on  the  centre  line  of  tho  fill  is  examined  in 
detail. 

Since  the  piezometer  is  on  the  centre  linci  conditions  of 
axial  symmetry  apply  throughout  the  test.  Although  the  diameter 
of  tho  fill  reduces  with  height,  for  the  purposes  of  tho  cal- 
culations the  surface  loading  produced  by  the  fill  is  assumed 
to  be  a uniform  circular  vertical  load  of  intensity  As  ■ yh 
and  of  average  radius  a • 6.25  m as  shown  in  Pig. 4b. 

For  the  initial  analysis  of  tho  behaviour  of  tho  soft 
clay  it  is  assumed  that  tho  elastic  response  is  isotropic.  From 
the  clastic  stress  distributions  for  a uniform  flexiblo  circular 
load  of  radius  a on  an  alastlc  half  space  tabulated  by  Poulos 
and  Davis  (1974)  the  curves  of  Fig. 5 havo  been  produced.  U3ing 
these  results  the  relevant  values  for  piezometer  A are  as 
follows j- 


r/a  - 0,  z/a  - 0.48,  Aoy/Ao  - 0.919,  Aoh/Ao  - 0.391  ..(1) 

Ao»  a An. 

Hence  the  ratio  of  increments  of  total  stress  h ** 

«*  0.425 

and  the  factor  ^(1  + 2ii)  - 0.617.  From  eqn. (17)  of  the  first 
roport  the  perfectly  elastic  response  of  piezometer  A would  be 

Jjj- - §(1  + 2l|)  « 0.617.  (Fig. 4c)  ...(2) 

In  terms  of  the  observed  surface  load  Ao,  (rather  than  the 

unknown  local  increment  of  total  vertical  stress  Aoy)  tho 

response  is  given  by  Au  Au  Aov  _ n A a,Q  _ cc- 

jg  To~  ’ Ao""  0,617  x 0*919  “ 0.567  ..  (3) 

V (Fig.4d) 

This  gradient  almost  exactly  matches  that  of  the  first 
linear  portion  P'Q'  of  tho  relevant  plot  in  Fig. 3*.  The  point 
Q corresponds  to  the  change  in  behaviour  from  an  elastic  response 


* It  should  be  noted  that  the  scales  in  Figs. 3a  to  3d  for  Au 

and  Ao  are  unfortunately  not  the  same. 


to  either  a plastic  response  or  contained  failure.  This  occurs 
at  an  increment  of  surface  load  of  An  « 2.84  tonne/m*  (285  kN/m* ) 
for  which  the  excess  pore  pressure  generated  at  piezometer  A 
based  on  an  elastic  response  would  be  from  cqn. (3) 

Au  * 0.567  Aa  ■ 1.61  t/ns.  This  corresponds  closely  to  the 
value  observed  for  point  Q in  Fig. 3. 

If  the  clay  behaves  perfectly  elastically  in  the  first 
phase  then  the  excess  pore  pressure  is  given  directly  by  the 
increment  of  mean  total  principal  stress  Ap  as  shown  below: 

Ap  ■ ^(Aoy  + 2Ao^} 

Ap'  « ^((Aoy  - Au)  + 2(Ach  - Au)) 

. * . Ap  - Ap'  ■ Au 

In  an  isotropic  elastic  soil  under  undrained  conditions  (i.e.  no 
volume  change)  Ap*  « 0 and  the  stress  path  on  a q-p1  plot  is  a 
vertical  straight  line  (see  p 10  first  report) . 

Thus,  if  Ap'  ■ 0 
Au  « Ap 

Hence  the  result  of  cqn. (3)  could  be  obtained  directly  from  the 
appropriate  curve  for  Ap/Aa  in  Fig. 5,  without  the  need  to  calculate 
the  stress  increments  Aoy  and  Ao^.  But  evaluation  of  the  latter 
has  two  adva  tages:-  (i)  It  allows  estimates  to  bo  made  of  the 
total  and  effective  stress  paths  and  hence  a fuller  understanding 
of  the  behaviour  of  the  clay,  and  (ii)  it  allows  an  anisotropic 
clastic  response  of  the  clay  to  bo  used,  if  nccessaxy,  i.e.  the 
use  of  the  expressions  given  in  cqn. (17)  end  table  1 of  the  first 
report. 

At  the  stage  represented  by  Q'  the  clay  locally  around 
piezometer  A yields.  At  yield,  then,  Ao  - 2.84  t/ra* . From 
elastic  theory  Aoy  » 2.61,  Aoh  - 1.11,  Ap'  5 0 

Aq  ■ 1.50,  Ap  ■ 1.61  (all  units  : t/m*) 

The  total  and  effective  stress  paths  for  the  stages  PQ  and  P'Q1 
can  now  be  plotted  if  the  initial  in  situ  stress  states  are  known. 
Unfortunately  the  problem  of  the  in  situ  lateral  stress  is  a 
difficult  one,  and  the  best  that  can  bo  done  is  to  estimate  this 
from  all  the  limited  information  available. 


From  the  results  o f the  consolidation  tests  and  the 

profile  of  stresses  in  Fig. 2b,  for  the  depth  * * 3 m, 

o'  «-  1 t/m’  u„  ■ 4,5  t/m*  and  tho  overconsolidation  ratio 
vo  o 

is  3.  Making  use  of  oqn. (6)  in  the  first  report  for  estimating 
the  value  of  K0  for  lightly  overconsolidated  soils 

Ko“0CRKn.^.  -T=i*  {0CR_1)  (5) 

and  taking  X_  - 0,65  and  v*  ■ 0.28  (for  a soil  with 
plasticity  index  of  16%) , then 

K0  - J « O.ts  - 

Adopting  this  estimate  for  KQ  gives  a^Q  » 1.26  0^o-  1.00  t/m* 

qQ  ■ - 0.26  t/m*,  ■ 1.17  t/m*  and  p0  » 5.67  t/m*.  Tho 

total  and  effective  stress  paths  Q^RA  and  Fj^Q^  for  an  elcirent 
of  soil  at  point  A based  on  these  estimated  in  situ  stresses 
are  plotted  in  Fig. 6.  From  the  position  of  the  point  Q^,  and 
from  tho  in  situ  vane  shear  strengths  (plotted  in  Fig. 2a)  of 
about  0.6  t/m*  corresponding  to  q£  ■ 1.6  t/m*,  it  is  concluded 
that  the  clay  has  probably  readied  failure  at  point  Q TI> 
will  mean  that  for  the  soil  at  this  depth  of  3 m there  will  be  no 
second  phaso  of  plastic  yielding  (i.e.  R'  in  Fig.lc  coincides 
with  Q')  and  that  the  behaviour  goos  directly  from  elastic  to 
contained,  failure. 

If  this  suggestion  is  correct  then  the  second  linear  phase 
of  pore-pressure  response  in  Fig. 3a  should  have  a gradient 
Au/Ao  ■ AOy/Ao  assuming  that  no  post-peak  softening  occurs 
(see  section  9.3  of  the  first  report).  Once  the  clay  has  yielded 
or  failed  tho  assumption  of  an  elastic  stress  distribution 
throughout  the  elastic  half-space  is  no  longer  valid.  But  most 
of  the  soil,  some  distance  from  the  region  of  containc'  failure, 
is  still  behaving  elastically)  Inside  the  failing  region  the 
total  stress  distribution  must  alter  to  some  degree  to  accommodate 
th?  plastic  strains  of  the  soil.  There  is  limited  evidence  to 
show  that  the  increments  of  total  vertical  stress  A ay  remain  as 


though  they  wore  given  by  elastic  theory  and  the  increments 

of  total  horizontal  stress  &c»h  are  larger  than  the  corresponding 

elastic  values.  X£  it  is  assumed  for  the  sake  of  argument  that 

the  elastic  stress  distribution  for  is  valid  then  for  the 

pha-30  It'S1,  the  expected  response  is  Au  m “jv  m 

Tio  Ac  * * 

The  observed  value  is  1.03 , so  that  the  above  assumptions  aro 
in  reasonable  agreement  with  the  field  data*  and  certainly  do 
not  conflict  with  them.  It  seems  likely,  in  fact,  that  some  post 

peak  softening  occurred. 

e 

2.3  Asrum  I t Piezometer  F.  at  5 m depth  on  the  centre  line 

Adopting  the  same  assumptions  for  piezomotor  £ as  for 
piezometer  A the  relevant  values  are  as  follows t- 


r/a  ■ 0,  s/a  - 0.8,  AOy/Ac  ■ 0.756,  Ao^/Ao  » 0.184  ...  (6) 

Therefore  A,  ■ ■ 0.243  *\ 


~ - ^(1  + 21,)  - 0.496 
•nd  ££  « 0.496  x 0.756  • 0.375 


> 


J 


see 


(7) 


This  gradient  should  be  compared  to  that  of  0.45  for  the  observed 
data  of  Pig. 3b. 


At  yield  Ac  ■ 3.1  t /n*  and  from  elastic  theory 


Aoy  ■ 2.34  AOjj  ■ 0.57  Ap'  "0  I 

Aq  « 1.77  Ap  ■ 1.16  (all  units  : t/m*)  J (8) 


An  estimate  is  now  made  of  the  initial  in  situ  stress 
state  at  E,  on  the  same  basis  ss  for  A in  the  last  section. 

From  Fig. 3,  for  s - 5 m,  o^Q  ■ 1 t/m1,  uQ  « 7.7  t/m*  and 
OCR  * 3.  As  before  XQ  is  taken  as  1.26  so  that  o^Q  * 1.26  t/m* 
qi!)  ■ - 0.26  t/m1,  p£  w 1.17  t/m*  and  pQ  ■ 8.87  t/m*.  The  total 
and  effective  stress  paths  PgQgRg  and  P£Q£  for  an  eloaent  of 
soil  at  E are  plotted  in  Fig. 6;  the  effective  stress  path  starts 
from  the  same  point  as  for  element  A (by  chance)  and  only  differs 
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from  it  by  virtue  of  a slightly  larger  value  of  Aq  to  cause 
yield. 

The  same  argument  as  for  element  A is  invoked  to  suggest 
that  oloment  E has  reached  failure  at  Q£,  and  that  the  bohaviour 
of  the  soil  changes  directly  from  elastic  to  contained  failure 
without  an  intermediate  stage  of  plastic  yielding. 

On  this  basis  the  gradient  of  the  second  stage  would  be 
All 

expected  to  be  ^ ■ 0.756?  this  compares  with  a measured 

value  of  0.687  from  Fig. 3b. 

2.4  Asrum  X i Piezometer?  not  on  the  centre  line 

For  the  piezometers  B,C,D  at  3 m depth  and  F,G,H  at  5 m 
depth  not  on  the  centre  line  of  the  fill  conditions  of  axial 
symmetry  no  longer  apply.  The  simple  expressions  derived  in 
the  first  report  are  not  valid,  and  the  situation  is  much  more 
complicated  because  of  the  rotation  of  the  principal  axes  of 
stress  and  stress  increment. 

However  if  the  soil  behaves  in  an  Isotropic  elastic 
manner  while  undergoing  no  volume  change,  then  ip'  s O and  the 
excess  pore  pressure  is  given  (as  before)  by  the  increment  of 
mean  total  principal  stress  Ap.  From  the  charts  and  functions 
given  by  Poulos  and  Davis  (1974)  the  ratios  Ap/Ao  have  been 
calculated  for  the  six  piezometers,  and  are  compared  in  table  1 
with  the  observed  gradients  of  Au/Ao  taken  directly  from  the 
first  phases  of  the  responses  plotted  in  Figs. 3a  and  3b.  There 
is  reasonably  good  agreement  between  the  two  sets  of  values,  which 
supports  the  interpretation  of  the  results  in  terms  of  isotropic 


— J - 

Piezometer 

*/* 

r/» 

Computed 

Ap/Ao 

Observed 

Au/Ao 

A 

0.48 

0 

0.567 

0.600 

B 

0.48 

0.4 

0.532 

0.546 

C 

0.48 

0.8 

0.396 

0.343 

D 

0.48 

1.2 

0.186 

0.105 

B 

0.8 

0 

0.375 

0.45 

F 

0.8 

0.4 

0.347 

0.315 

6 

0.8 

0.  A 

0.266 

0.276 

i H 

t 

0.8 

1.2 

0.162 

0.150 

Table  1 Comparison  between  first  phase  of  the  observed  excess 
pore  pressures  and  those  computed  from  elastic  theory. 
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Tho  consequences  of  tho  departure  from  the  simple  case 
of  axial  symmetry  is  illustratou  for  the  case  of  piezometer  G 
in  Fig. 7.  From  Poulos  and  Davis  (1974)  it  is  possible  to 
calculate  the  increments  of  stress  shown  in  perspective  in  Fig. 7a 
and  in  elevation  in  Fig. 7b  from  elastic  theory  in  terms  of  the 
applied  vbircular)  surface  load  Ao.  They  are  Aos/Ao  - 0.504, 
Aor/Ao  * 0.185,  Ao6/Ao  ■ 0.109,  Hx%t/La  ■ 0.204.  The  Mohr's 
circle  of  stress  for  the  (r,z)  plane  is  shown  in  Fig. 7c,  and 
the  principal  increments  of  stress  dih  readily  be  calculated 
to  be 

Aoi/Ao  ■ 0.603,  Aoj/Ao  - Ao^/Ao  ■ 0.109,  Aai/Ao  ■ 0.086 

The  principal  axes  of  the  stress  increments  are  as  shown  in 
Fig.7d  and  do  not  coincide  with  those  of  stress  (the  principal 
directions  of  which  depend  on  the  ratio  of  Ao  to  the  initial  in 
situ  stresses  at  point  G) . 

After  yield  has  occurred,  which  is  assumed  to  coincide 
with  the  onset  of  contained  failure,  the  local  distribution  of 
stresses  in  the  vicinity  of  G can  no  longer  be  elastic.  It  is 
suggested  for  want  of  any  experimental  evidence  that  the  dis- 
tribution of  the  major  principal  stress  Increment  Acj  remains 
largely  unaffected  and  that  Au  - Ao».  If  this  hypothesis  is 
valid  then  the  expected  gradient  in  Fig. 3a  for  the  second  phase 
for  piezometer  G would  be  ^ - 0.603.  This  should 

be  compared  with  an  observed  value  of  about  0.5. 

3.  Application  to  Field  Case  of  Axisymmotric  Loading  at 
Canvev  Island 

As  part  of  a detailed  site  investigation  for  a major  oil 
refinery  on  a deposit  of  soft  clay  at  Canvey  Island  in  England, 
two  small  circular  trial  embankments  were  constructed  to  simulate 
the  behaviour  of  \..ie  oil  tanks.  The  performance  of  the  embankment 
was  monitored  by  observations  of  the  settlement  of  the  embankmonl, 
and  of  excess  pore  pressures  recorded  by  piezometers  placed  in 
the  ground  beneath. 
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A detailed  description  of  the  site  and  instrumentation 
is  given  by  George  and  Parry  (1973) . The  pore  pressure 
responses  have  been  interpreted  by  Pender*  Parry  and  George  (1975) 
in  the  light  of  the  theories  advanced  in  the  first  report.  Those 
papers  aro  appended  to  this  report*  and  their  main  findings  only 
will  be  presented  briefly  here. 

Undisturbed  samples  of  the  soft  clay  were  subjected  to 
stress  controlled  drained  triaxial  tests  with  a variety  of  stress 
paths  in  order  to  establish  the  yield  locus.  The  results  are 
shown  in  Figs. 13  and  14  of  the  first  of  this  pair  of  reports. 

The  locations  of  four  piezometers*  PI*  P5*  P7  and  PlO 
are  given  in  Fig. 8.  Observed  pore  pressure  changes  are  plotted 
in  Fig. 9 against  changes  in  vertical  total  stress  Aoy  at  tip  lovel 
calculated  by  finite  element  analysis  using  a bilinear  model. 

Tho  response  of  each  piezometer  shows  the  expected  pattern  of 
three  linear  phases*  with  well  defined  points  of  change  between 
the  phases.  For  the  first  phase  of  the  pore-pres?ure  response 
the  resulting  value  of  tho  ratio  Au/Ap  was  0.5  to  0.6  whereas 
that  predicted  from  isotropic  elasticity  would  be  1.  Howover 
this  discrepancy  may  be  due  to  any  or  all  of  the  following 
reasons :- 

(i)  the  soil  may  contain  gas  in  the  pore  water  due  to 
the  organic  matter  present  in  a recent  alluvial  deposit* 

(ii)  the  soil  may  behave  anisotropically* 

(lii)  the  excess  pore  pressures  will  be  dissipating 
during  the  period  of  tho  construction  of  the  embankment* 

(iv)  tho  finite  element  computations  are  only  approximate 
and  are  affected  by  the  choice  of  boundary  conditions  and  dis- 
tribution of  soil  parameters  within  the  mesh  of  elements. 

4.  Application  to  Field  Case  of  Plane  Strain  Loading  near 
Boston,  Mass. 

A well  documented  case  history  for  the  plane  strain 
situation  is  reported  by  D'Appolonia*  Lambe  and  Poulos  (1971) . 

The  paper  reports  the  evaluation  of  excess  pore  pressures  measured 


at  part 


-1C- 


under  a long  road  embankment  constructad  naar  Boston 
of  tho  Xnterstata  Highway  system. 

A cross  saction  of  tha  embankment  is  shown  in  Fig. 10a  and 
piezometer  locations  in  Fig. 10b.  Full  details  of  the  properties 
of  the  ground  are  given  in  the  papor  by  D'Appolonia  et  al.  A 
selection  of  the  observed  values  of  excess  pore  pressure  is 
shown  in  Fig. 11  where  the  results  are  plotted  against  the 
elevation  of  the  embankment. 

All  the  piezometer  readings  show  two  distinct  responses. 

Tha  end  of  the  elastic  phase  is  clearly  defined  in  each  case, 
as  tho  local  element  of  soil  (around  the  piezometer)  yields 
plastically  or  fails  after  behaving  elastically.  It  was  pointed 
out  in  Section  9.1  of  the  first  report  that  in  soma  cases  tha 
pore  pressure  responses  in  phases  2 and  3 (i.a.  plastic  yielding 
and  failure)  would  be  difficult  to  distinguish.  It  can  be  seen 
that  some  of  the  responses  in  Fig. 11  could  be  three  phased, 
although  a third  phase  is  not  clearly  distinguishable.  It  is 
possible  then  that  after  completion  of  the  elastic  phase  the 
soil  did  progress  through  a plastic  phase  to  contained  failure 
without  any  distinct  change  in  pore  pressure  response; 

D'Appolonia  et  al  have  made  great  efforts  to  interpret 
these  results  and  they  have  considered  four  different  distributions 
of  increment  of  total  stresses.  They  have  also  considered  various 
relationships  between  changes  of  total  stress  and  of  pore 
pressures.  They  conclude  that  for  the  pre-yield  elastic  phase 
the  best  prediction  of  pore  pressure  is  given  by  three-dimensional 
elastic  theory  (as  applied  to  the  plane  strain  case)  with  Au  - Ap. 

A direct  comparison  of  the  ratio  of  measured  to  predicted 
pore  pressures  (which  is  directly  proportional  to  the  gradients 
of  the  first  phases  shown  in  Fig.ll)  is  given  in  Fig. 12a  for 
many  of  the  piezometers.  Those  piezometers  near  the  upper  sand 
layer  or  near  the  till  showed  a substantial  degree  of  dissipation 
due  to  drainage  and  were  discounted  by  D'Appolonia  et  al. 

During  contained  perfectly  plastic  failure  it  has  been 
shown  that  the  change  Of  pore  pressure  Au  is  expected  to  be 
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equal  to  tha  (local)  change  of  vertical  total  itreaa  Acy  (local) . 
Values  of  the  ratio  Au/Aoy  for  tha  same  sot  of  piozomotern  ware 
calculated  by  D’Appolonia  at  al,  and  are  reproduced  in  Fig. 12b. 

Tha  values  are  all  greater  than  unity,  but  generally  clone  to 
it.  The  underpredictions  indicate  either  that,  as  suggested 
above,  the  soil  after  local  yield  progresses  through  a plastic 
stage  before  the  onset  of  local  failure  (a  response  of  Au/Aoy  > 1 
is  possible  in  the  plastic  phase)  or  that  a small  degree  of  post 
peak  softening  Occurring  in  the  soil  as  discussed  in  Section  9.4 
of  the  first  report. 

6.  Conclusions 

The  theoretical  considerations  of  pore  pressures  generated 
in  soft  ground  by  surface  loading  have  been  compared  with  three 
well  documented  case  histories. 

Xn  all  three  cases  - two  axially  symmetric,  one  plant- 
strain  - the  pore  pressure  responses  recorded  by  piezometers 
were'  linearly  related  to  the  applied  surface  loading.  As  expected 
the  response  had  two  or  three  stages t an  initial  elastic  phase 
followed  by  plastic  yielding  and/or  contained  failure. 

For  the  first  case  of  the  circular  fill  at  Asrum,  which 
was  studied  in  detail,  the  total  and  effective  stress  paths  were 
estimated  for  the  locations  of  two  of  the  piezometers.  These 
paths  confirmed  that  the  clay  was  sufficiently  overconsolidated 
(albeit  to  a small  degree)  that  the  middle  phase  of  work-hardening 
plastic  behaviour  was  absent. 

The  pore  pressure  responses  from  the  Canvey  Island  tests 
showed  three  distinct  phases  while  the  responses  from  the  road 
embankment  test  at  Boston  showed  two  distinct  phases,  but  it  is 
possible  that  the  second  phase  combines  plastic  yielding  and 
contained  failure. 

Xn  dotail,  the  predictions  of  pore  pressures  based  on 
isotropic  elastic  theory  generally  appear  to  overestimate  the 
observed  values  for  the  elastic  phase  by  between  20-50%.  Part 
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o£  this  discrepancy  can  be  attributed  to  anisotropy,  to 
incomplete  saturation,  or  to  partial  dissipation  due  to 
drainage. 

The  predictions  o£  the  pore  pressure  after  yield  appear 
to  underestimate  the  observed  values  by  10-20%  since  no  allow- 
ance has  been  made  for  strain  softening  after  failure  has  occurred. 
In  addition  the  assumption  that  the  distribution  of  the  total 
vertical  stress  is  unaffected  by  inelastic  behaviour  is  question- 
able, and  is  based  on  slander  evidence.  It  is  possible  that 
complex  finite  element  computations  could  resolve  this  doubt. 

The  concept  of  a yield  locus  for  undisturbed  samples  and 
its  use  in  the  interpretation  of  pore  pressures  observed  in  soft 
ground  under  surface  loading  has  been  confirmed.  For  engineering 
purposes,  adequate  predictions  of  porc~pressures  may  be  made  by 
applying  the  concepts  and  theories  proposed  in  the  first  of  this 
pair  of  reports. 
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Fig.l  Idealised  response  of  a typical  element  of  soft 

clay  to  surface  loading  (a)  location  of  element 
(b)  effective  and  total  stress  paths  (c)  pore 
pressure  response  to  change  in  vertical  total  stress 
in  element. 
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Fig. 4 Predicted  pore  pressure  response  at  Xsrum  1 site 

(a)  locations  of  piezometers  (b)  idealised  equivalent 
loading  (c)  elastic  pore  pressure  response  for 
piezometer  A related  to  change  in  total  vertical 
stress  at  piezoiMter  tip  (d)  elastic  pore  pressure 
response  for  piezometer  A related  to  surface  loading 
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Applied  stresses  at  piezometer  G at  Asrun  1 site 
* parapective  view  and  (b)  an  elevation  showing 
total  atreaa  increnenta  (c)  Mohr  circle  of  total 
•r****  increments  (d)  directions  of  principal  total 
atreaa  increnenta  from  elaatic  theory. 
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Soil  profile  and  piezometer  locations  for  Canvey 
Island  loading  test  (after  George  and  Parry  1973) 


8 


.w/KM  nv 


O 


O 

w 


O 


o 

o» 


& 

M 

<9 


Vt 
H 

O'M  VI 
MOO 
O O 
R tIU 
O 3 
N «M*d 
O 19  C 
•H  > 19 
0< 

• o 
*a  o 
c m 

« fl  . 
rH  .M  C 
W 3 

w o - 

H H 
>,13  O 
O O *0 

> c 
c m a 
a mtk 
u c 

■H  M 

u n v 
o 

<M  19  >M 
_ fi 
WTJ 
o o 

M M W 
C M W 
Q O O 

it* 

o u 

MSh 

O (X!  (9 
M O 
3 

«r»4J 
W Pi  M 
O O 
M -> 

am  • 
(k  H *-* 
o n m 
u -Mr' 
0 H 0 o, 

a a mh 
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CMOS  SECTION  SHOWING  PIEZOMETER  LOCATIONS 


(b) 


Fig. 10  Boston  test  embankment  (a)  soil  profile  (b)  location 
of  piezometers  (after  D'Appolonin,  Lambc  and  Poulos 
1971). 
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Piexometer  responses  under  Boston  test  embankment 
as  a function  of  embankment  elevation  (after 
D'Appolonia,  Lanbe  and  Poulos  1971). 
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(a) 


MDO  or  MEASURED  PORK  PRESSURE  TO  CALCULATED  PORK  PRES- 
SURE APTEK  LOCAL  YIKLO 


(b) 


Fig. 12  Pore  pressure  changes  under  Boston  test  embankment 
(a)  before  local  yield  presented  as  a ratio  of 
measured  to  calculated  values  (b)  after  local  yield 
presented  as  a ratio  of  measured  values  to  values 
calculated  by  D'Appolonia,  Lambe  and  Poulos. 


Appendix:  A 


"Field  loading  tost  at  Convey  Island"  by 
George  P.J.  and  Parry  R.ll.G. 

"The  response  of  a soft  clay  layer  to  embankment 
loading"  by  Pender  M.J.,  Parry  R.H.G.  and  George  P.J. 
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The  Response  of  a Soft  Clay  Layer  to  Embankment  Loading 

by 
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fttrAKT.  The  per*  pressure  response  of  * soft  clay  J*"tr  subjected  to  eefcankment  loading  la  interpreted. 
CooJ  ^wlittuvf  agreement  I*  found  between  the  observed  pore  pressure*  and  these  expected  on  the  ktui 
that  a lightly  ever-onselldated  clay  will  exhibit  « veil  defined  yield  loco*.  This  concept  leads  to  the 
prediction  of  * t'  •ee-patt  response  corresponding  to  elastic  behaviour,  yielding.  and  contained  failure. 
The  observed  pore  irtiwri  were  coopered  with  total  stresses  calculated  by  i non-linear  tissue  finite 
eleoent  analysis. 


1 iKTWCticriu: 

At  Convey  Intend  in  Essex  * major  tt.K.  oil 
refinery  I*  to  be  constructed  at  a alt*  adjacent  to 
the  mouth  of  the  Xiver  The**! a.  Thu  paper 
describes  »ooe  aspect*  of  the  interpretation  of  the 
behaviour  of  one  of  two  aoall  trial  embankments 
cenatructed  aa  part  of  the  alte  inveitigation. 

In  particular  it  waa  deaircd  to  a xaalne  the 
observed  pore  preaaure  reaponae  in  leraa  of  ^a« 
modern  ideal  about  the  behaviour  of  toft  Clay. 
Critical  itate  a>-il  aechanica  provide*  a consistent 
aet  of  concepta  relevant  to  the  itreti-atraln 
behaviour  and  pore  preaaure  response  of  soil, 
Schofield  and  Wroth  (kef.  11.  Theao  asks  it 
poealble  to  predict  the  general  features  of  the 
lemediste  pore  preaaure  response  in  a field  loading 
situation.  The  qualitative  validity  of  this 
prediction  la  investigated  here. 

The  pore  preaaure  behaviour  waa  mest.'rcd  with 
hydraulic  piecomarer*  installed  at  several  positions 
beneath  the  embankment.  These  obaerved  pressures 
were  related  to  the  calculated  changes  in  vertical 
stress  at  the  piecometer  locations.  This  stress 
distribution  waa  determined  with  a finite  element 
program  capable  of  performing  non- linear  elastic 
analysis.  Moeh  of  the  input  data  for  tlie  computer 
runs  was  obtained  from  ln-altu  tests  with  the 
Caafcometer.  aa  described  in  a companion  papjr  (Aef. 
3). 

foundations  for  the  product  tanks  at  the 
refinery  could  be  either  pi la  nr  earth  supported. 

As  there  were  clear  economic  benefits  far  ths  alter- 
native without  pllee  two  trial  embankments  were 
constructed  to  simulate  the  tank  load.  These  were 
circular  with  JO  m base  diameter  and  lil  aide 
u lope a.  and  constructed  from  compacted  granular 
fill.  A more  detailed  description  of  the  aite  and 
instrument  details  la  given  by  oe®rge  and  Tarry 
(Aef.  3).  along  with  * useful  diwcusslon  of  the 
economics  of  such  an  investigation  and  elements  on 
tlie  performance  of  the  various  lnstriaenta. 

3 AACXCKXJNO 

A central  feature  of  the  present  interpretation 
is  the  concept  that  a lightly  nverconsolidatod  clay 
will  exhibit  a yield  locus.  because  of  tlie  over- 
consolidation  the  in-situ  stress  state  will  be  with- 
in the  locus  and  hence,  initially,  tlie  soil  will 


show  an  alaatlc  response  to  additional  loading. 

The  locus  represents  the  boundary  o'  ell  the  stress 
states  for  which  the  soil  la  assumed  to  behave 
elastically.  Aa  such  it  represents  a generalisa- 
tion of  the  preconsolidation  rsneept. 

After  the  stress  rath  engages  the  yield  locus, 
plastic  strain  becomes  dominant  and  the  pore 
pressure  response  much  more  significant.  As  the 
stress  path  move-,  outward  the  soil  work  hardens  and 
the  yield  locus  is  expanded.  These  ideas  are 
Illustrated  in  rig.  1. 


rig.  1 Yield  locus  and  pore  pressure  response 

The  yield  locus  concept  leads  to  the 
suggestion  that  the  pore  pressure  response  of  a 
lightly  overconsolidated  clay  undar  field  loading 
will  exhibit  threo  distinct  phases.  Firstly  there 
is  an  initial  elastic  response  for  stress  paths 
within  the  yield  locus.  Secondly  when  the  stress 
path  engages  the  yiold  locus  there  should  be  a 
fairly  sharp  steepening  in  the  pore  pressure 
response  curve  accompanying  the  plastic  deformation, 
finally  in  undrsined  loading  an  element  of  soil  may 
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nidi  contained  failure.  10  that  no  further  »h**r 
*tr*t«  cm  b*  iu*taln*d  It  that  particular  pice*  o( 
noil.  Hum  My  additional  air***  increment  wat  ba 
uotrepic  ami  balanced  by  An  equal  chant*  in  por* 
prcaaure.  Thlc  mm*  that  th*  pot*  preatur* 
lncr**«t  durln?  contained  failure  will  b*  1*«« 
rapid  than  that  when  yietillny  I*  occurrlny.  How- 
ever. Wroth  Itef.  41  haa  «oyy*it«d  that  there  nay  be 
am  toil*  in  which  th«  rat*  of  roie  ptctaurt  build 
up  (or  th*  i«;«n4  *tay*  li  th*  »*•«  a«  that  (or  th* 
(inal  it*?*,  so  th*  **eon4  KtrJt  in  th*  por*  pr**tur* 
reopen**  curve  nay  not  alway*  b*  ob*«rv*d.  Thl* 
«#yhl  explain  why  D'AppoIonia  *t  *1  (Hef.  SI  and 
Wo*y  *t  al  IN(.  (I  obj*rv*d  * por*  pr*»«ur« 
reiponi*  with  only  on*  abrupt  Chany*  in  ilop*. 

In  int*rpr«tley  th*  r**pon*«  a tultabl* 
variable  nuat  b*  choatn  ayalntt  *4ileh  to  plot 
ob**rvfd  pot*  pt«*iur«*.  It  wa*  d*eld«d  to  u*« 
th*  calculated  vortical  «tr**«  induc*d  by  th* 
cebanknent  load.  Hit*  *tr«n  coopontnt  wa* 

*«l«ct«d  beeaua*  another  *tudy,  Ho*?  «t  al  (b*f.  7) 
hat  found  that  thl*  «tr**«  component  U not  yr*atly 
affected  by  non-ltnear  rut«rlat  proper tie*  (at  l*a«t 
(or  th*  cam  of  uni (urn  pmiur*  loading).  Alio 
th*  vortical  total  atroc*  Inert***  ha*  traditionally 
b**n  u**d  at  a yaoy*  of  poro  pr***ur*  r«tpona*. 

3 61TX  CQMOTIOM  MID  9QU.  PMPCItriM 

rtf.  3 ylve*  a brief  loy  of  th*  toll  profile 
alony  with  th*  Attetbery  Unit*  and  in-altu  water 
content.  Nor*  d*tail*d  intonation  I*  qlvon  in 
luf.  1.  In-tltu  *h«ar  (trenyth.  horliontal 
«ff*ctlv«  «tr«*«  and  undraln«d  «tl(fn«t*  data,  all 
determined  with  th*  Cankoneur.  ar«  yiv*n  In  a 
co*p anion  paper.  Huyhe*  <st  al  (A*(.  31.  beneath 
tne  cruat  them  la  a uni 'ora  increai*  In  atrenyth. 
hor.iontal  effective  *tr«t«  and  urulralned  *tlffn**a 
with  depth.  Thl*  trend  la  not  apparently  affected 
by  th*  chany*  In  »*t*tUl  type  at  a depth  o( 
approximately  « *. 


teet*  with  different  atree*  path*  ao  that  th*  yield 
locu*  niyht  b*  dec* mined.  Yieldirxj  wa*  prAueod 
to  have  occurred  when  a break  wa*  eiwetved  in  th* 
atr**i-*train  curve.  It  1*  of  inur«*t  to  not* 
that  th*  can*  yield  *tr««»  wai  determined  with 
reaped  to  volunetric  and  distorticnal  atrain*. 
lea  11  attei*  increment*  were  applied  and  left  In 
plaeo  until  volume  chany*  had  almott  coated,  tor 
pr#-yi*ld  load  Increment*  thl*  required  1 to  3 daya 
and  for  port-yield  inereaenta  4 to  6 «tayi.  Th* 
apeeiMni  had  a helyht  to  diameter  ratio  of  unity 
and  lubricated  *nd  platena.  Th*  cell  fluid  u**d 
wa*  a silicon*  oil.  A back  prenure  n(  MO  kr* 
w*t  applied  to  *naur*  aaturation.  Th*  r«*ult*  of 
on*  of  th*  teita  and  th*  r*iwltlny  yield  locu*  ar* 
ytven  In  flya.  1 and  4 r«»p*ctlv*ly. 


riy.  3 A**ult  of  con.ntntlonal  dralnad 
trlaxial  tm 


5 rinm  EIXKTNT  ANALYSIS 


Th*  atretxe*  induced  in  th*  toll  layer  by  th* 
construction  of  th«  trial  rmfcanlusant  w*r*  calculated 
by  Unit*  iltMiic  analysis.  The  program  used  was 
that  described  by  Itollingahead  and  luymond  (hef.  I). 
It  perform*  a non-linear  elastic  analysis  by 
■edifying  th*  element  modulua  »o  that  « specified 
atreaa-atraln  curve  it  followed.  Th*  data  input 
allow*  for  a variation  In  Young''  modulus  with 
stress.  but  a constant  Poisson's  ratio.  Any  |«lnt 
on  the  curv*  1*  nodal lad  by  calculating  an  equlvs- 
lant  secant  modulus.  H*w  elamant  moduli  aro 
calculated  betvcan  Iterations  and  th*  analysis 
repeated  until  an  acceptable  aolutlon  1C  r«ac>ied, 

Th*  straas  on  which  th*  non-linearity  iu  baaed  1* 
th*  maximum  principal  straas  difference,  any  affect 
of  th*  Intermediate  principal  etrea*  1*  not 
con«ld«r*d. 

Th*  finite  element  Mih  la  given  In  rig.  C. 

Th*  location!  of  the  four  plsxomaters  of  interest 
are  alao  shewn  In  thin  dlagran.  Th*  nod«lllng  of 
th*  srtienVmsnt  building  proevaa  wai  don*  by  manually 
changing  th*  propertlai  of  aucceaalv*  row*  of 
•nbanAnent  element*  between  run*  of  th*  program. 

Th*  slementa  above  Ui«  current  conatruction  level 
wer*  preaent  In  the  msah  but  wer*  allocated  no 
weight  and  v«ry  anall  atiffneaa. 


TAMX  1 


Material 

t ttra) 
* !9* 

V 

7 , 
IVN/m’l 

cu  (Aral 

EabanVment 

0.2 

0.20 

14.7 

- 

Cruat  (0*1  s) 

2.0 

0.20 

- 

25 

Cruat  (1*2  ml 

0.1 

0.4* 

- 

25 

toft  clay 
12-2  ml 

0.4 

0.41 

- 

15 

linear 

Increase 

to 

linear 

increase 

to 

Soft  clay 
(V-10  ml 

1.5 

0.48 

- 

22 

Th*  undrain«d  atiffneaa  and  lit-sltu  atreiBe* 
for  the  aoft  clay  layer  ua«d  in  deriding  on  the  in- 
put data  for  the  computer  calculation*  were  thoee 
determined  with  the  Cankometsr.  The  untrained 
atrtngth*  were  derived  from  the  vane  atrength 
reault*.  There  waa  no  data  available  for  rhe 
atiffneaa  of  the  cruat  and  vnbanVeent  Material. 
Seasonable  value*  were  adopted  for  the  modulua  of 
th*  cruat  catena!.  In  the  caae  of  the  embankment 
a one  preliminary  r.t.  calculation*  auggeated  that 
altwst  all  of  the  material  would  be  at  or  near 
failure,  thu*  a rather  low  modulua  waa  adopted. 

Th*  aoft  clay  waa  modelled  at  a bl-llnear  elastic 
material.  Some  initial  r.b.  calculation* 
auggeated  that  the  toll  beneath  the  embankment 
flrat  yield*  when  the  ahearlng  atreae  la  about  half 
way  between  the  in-aitu  and  failure  value*.  Thu* 
the  Initial  modulua  determined  (torn  the  Cam*,  one  ter 
reaulta  waa  apeclfled  for  ahearlng  atreaaei  up  to 
th*  mean  of  th*  ln-sltu  and  failure  value*.  from 
thla  point  to  failure  th*  modulua  waa  reduced  to 
on*  third  of  the  Initial  value.  Thla  give*  a 
atraln  at  failure  the  tame  aa  that  obsarved  with 
th*  Camfcomalor.  After  reaching  peak  atrength  the 
CamAoaeter  teats  showed  that  the  soil  exhibited 
strain  softening,  but  In  the  r.E.  calculations  thu 
failure  shear  stress  waa  assumed  to  b*  maintained 
Indefinitely  one*  the  element  had  reached  failure. 
The  shape  of  the  various  atrera-atrain  curves  is 
shown  In  rig.  7.  Th*  watortable  was  assumed  to  be 
at  a depth  of  1 a.  hence  th*  differing  properties 
cf  Die  2 layers  of  cruat.  The  incompressibility 
of  the  foundation  rateriil  was  modelled  by  setting 
roltaon's  ratio  to  Q.4B. 


rig.  4 rinlte  element  mesh 


The  foundation  meterlel  was  divided  into  10 
egual  layers  with  different  properties,  as  ast  out 
In  Tablt  I. 


rig.  7 Stress-strain  curvas  for  r.E.  analysis 


DIACUSSIOH 


In  rif  • IN  observed  wndrslned  port  pressure 
nipoM*  (or  tN  (our  under  discussion 

1*  plotted  «|l|.Ut  tN  calculated  total  witictl 
«t*w  inctcstn  dee  to  tN  eabankncnt  load  at  tN 
|U«i9Mttr  location.  txti  re iponaa  la  mm  to 
consist  o(  the**  Mil  linear  portion*  as 

anticipated  In  Mellon  J, 


f If.  • ONrN  po r«  presaeres  apalnat  calculate 
vortical  itnu  in  erases 

In  (If.  9 tN  atraa*  patN  for  pieaoawtars  lrl 
end  Iri  arc  plotted.  TN  path  calculated  bp  tN 
r.C.  anatyala  flvw  total  stress.  tN  infarra4 
effective  (trail  path  1*  than  found  bp  plcttln*  tN 
obaarved  pora  praaaura  valuta  on  tN  d lap ran  uslnp 
tN  total  atraaa  path  *•  dates.  Mao  lncludod  on 
tN  dlspran  for  piaacewtar  1P1  la  tN  total  atraaa 
path  for  a Unaar  alaatlc  analpala.  An  affactiva 
stress  fallura  anvalopa  for  e*  » 0 and  #•  » It*  la 
lncludod  In  tN  dlafraa,  iNm  valuta  vara  obtainad 
Iron  triaalal  taata  on  tN  noil. 


fl9.  9 Strata  patN  at  plaaoantara  1P1  and  IPS 


A 

TN  folloalnf  points  writ  briat  cnamti 

(a)  TN  (Inlta  altntnt  ralculatlona  did  not  attaapt 
to  allninata  any  itnailt  atraaaaa  or  to  anaura  that 
atrtaita  In  tN  wNIwit  nattrlal  lit  within  a 
HchfCouloN  fallura  anvalopa.  tun  (nation  of  tN 
altntnt  atratM*  ravaatad  that  tanalla  atraaaaa 
wart  aat  up  In  tN  foundation  notarial,  but  tNaa 
wart  ratNr  anallar  than  tN  In-altu  atraaaaa.  TN 
atrastes  within  tN  eobanknent  altnanta  wtra 
ptnarally  found  to  lit  within  a fallura  anvalopa 
daflntd  by  c • 10  k?a,  I » 4V°.  valuta  thowyht  to 
N rtaaonabla  for  a ceapacctd  prana  ter  naterlai. 

TN  na)or  exception  to  this  wart  tout  radial 
ttnaila  atraaaaa.  up  to  N hPa.  In  tN  batten  two 
oatraa  of  tN  ardtanhannt. 

(b)  TN  yiala  loewe  was  dttnmlnad  in  triaalal 

strata  conditions  wMraaa  tN  (laid  straad 
conditions  ara  aora  coaplaa.  A naaaura  of  tN 
deviation  of  tN  ftold  strata  condition*  froo  trl- 
aatal  conditions  is  tN  anpla.  in  tN  • plana, 
daflntd  aa  tan’*  - o,|/|»«|  - #j  - ay)). 

This  flvai  IN  anflt  Ntwatn  tN  0)  aals  and  tN 
projection  of  tN  principal  strtss  vector  on  tN  a 
plana.  Thin  anpla  ranainad  fairly  canatant  lalth- 
In  ]°l  for  a pi  van  alaaant  as  tN  cabanknent  Nlpbt 
Incraaaad.  and  also  Nfara  and  altar  tN  non*llne*r 
analysis.  At  tN  location  of  plaaoaatar  1P1  U 
waa  “19*.  at  1P7  >30°  and  at  1P10  -14°  (tN  ninao 
sipn  atpniflee  that  tN  anpla  was  towards  tN  at 
salt  Iron  tN  0|  aala).  Thus  tN  ftald  atraaa 
conditions  in  tN  rap  I on  of  intatast  do  not  *Sta!ato 
noth  Iron  thoaa  for  triaalal  coapraaolon  and  no  tN 
yield  locus  deterninad  in  tN  laboratory  la  of 
laltvancn  to  tN  field  behaviour. 

(c)  TN  first  kink  la  tN  porn  praaaura  ratpenaa 
curve.  Pip.  9,  corresponds  appro* lasts ly  with  IN 
intersection  of  tN  inferred  affective  atraaa  patN 
and  tN  yield  locus,  Pip.  9.  Mkawlaa  for  the  on- 
sot  of  contained  failure.  However  tN  Initial 
part  of  tN  inferred  effective  atraaa  path  Mlfiiu 
that  Au/Moct  la  0.S  - 0.*  conparad  with  1.0  for  an 
isotropic  elastic  noil.  D'Appoleaia  at  el  (Nf.  91 
and  Heap  at  el  INI.  t)  found  this  value  to  N 
about  0.0.  This  difference  nap  wall  in  daa  to 
anisotropy  la  tN  noil  and  perhaps  to  seam  a at  aat 
tN  boundary  conditions  in  tN  present  ptoblje. 

TN  retNr  erratic  behaviour  of  tN  final  pert 
of  tN  inferred  tf  atraaa  path  nay  U a 

coneepeence  of  $ Uut  tN  r.K.  analpala  did 

not  consider  ► A **»  *4.1  undarpeaa  strain 
aoftanlnp  of®.  in  # peak  atranpth.  TM 
observed  pore  v<Ju  j'jponaa  no  doubt  reflects 
tN  occur rene*  **  eofv>nitp,  Nt  tN  P.«.  atressea 
neploct  thle-eH,  ^etb  predict  ratNc  hlpNr 
values  of  tir  e 4 p,  . 'I pal  atraaa  for  tN  final 
loadinp  atepaa.  could  saplaln  why  tN  final 

part  of  tN  effective  atraaa  path  nova*  away  Iron 
tN  failure  line,  and  also  why  tN  third  stays  uf 
tN  pora  praaaura  response  curvee  in  Pip.  ■ dose 
not  Nve  e elope  of  unity  an  lulled  In  section  1. 

A further  aspect  of  thle  neploct  ef  atrala 
eofteninp  in  tN  P.K,  analysis  la  nan l fasted  In  tN 
decision  to  uee  tN  vane  strenpthe  rather  than  tN 
Catoowatar  paak  value*.  tone  Initial  cel cul at lone 
ware  perforaed  with  tN  Catoonater  at  reap  the,  Nt 
tN  raaultinp  ahepe  of  the  inferred  affactiva 
atraea  patN  wee  net  Mtlrfontay. 

(d)  TN  aNenknent  load  was  applied  praduallp  ee 
tone  eeneolldatlon,  with  consequent  chanpaa  in  ceil 
properties,  nuat  have  occurred.  saanlnstlon  ef  tto 


i 


| 


* 


Mount  of  dissipation  At  the  various  pit  r-ewters 
reveals  that  in  tha  a<<(t  clay  layer  between  i m and 
( a pure  pressure*  dissipated  rather  slowly,  where* 
as  tfy.se  in  the  Miner  tutorial  beneath  t a 
dissipated  mc.h  Pc.ro  rapidly,  Thar  at  day  l’-O 
(when  the  eabankaent  helih*  reached  I al  the 
dlMl(«tlMi  at  pict-weter  111  was  kit  and  that  at 
irs  lOt.  whilst  at  day  VI  (when  10  a waa  reached) 
the  dissipations  were  40 1 and  V:t  respectively. 

The  fuur  piezooeleri  eel*  tea  fur  the  Alw.vo 
comparison  were  l.-ated  in  the  clay  layer  with  the 
at* vo  relatively  alow  rate  of  dissipation. 

(el  The  effe.-t  of  the  rvn-llnearlty  and  t» -Mamed 
failure  on  the  computed  stresses  la  uf  Intereat. 
rig.  10a  hae  the  Mohr  circle*  uf  atreta  at  the 
posit lto  of  li’l  when  the  eefcankacnfc  height  had 
reached  19  a.  f-r  a linear  elastic  solution  and 
that  with  yield  and  failure  Included.  rig.  IQb 
haa  the  sane  infctsatlon  at  the  poiltion  uf  IPS 
with  the  cnbanknefit  height  at  7 a.  It  la  aeen 
that  the  nest  significant  effect  of  the  non-linear 
behaviour  la  to  substantially  reduce  the  aajor 
principal  stress,  cr.  with  a rather  analler 
reduction  in  the  other  principal  atreasea. 


linear  dottle  nen- linear 


l — '*  | - .a-. (' 1 1 f1  I *'  < 

to  100  110  121  1)0  HO  90  130  110  120 
Stmt  ( kPe ) 

at  pitiemttcr  1PI,  embankment  height  19m 


SO  70  N SO  10  SO  70  SO 


Strata  (kPa) 

at  pUxemetar  IPf,  embankment  height  7m 


drastic  siaplui  ations  of  the  likely  rerponso  rf 
the  toll,  vuantltatlvo  calculations  would  require 
a at.re  appropriate  constitutive  relation  for  the 
•oil.  In  which  tho  yield  lwcus  and  plaatic 
defoination  were  currectly  avcvunted  for  rather 
than  the  crude  fcl-Ilhear  elastic  nodal.  Also  tho 
softening  after  peak  atrength  and  perhaps 
consolidation  behaviour  would  need  to  be  included, 
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7 CONCLUSIONS 

Tho  above  comparison  between  observed  pore 
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